a function of normalized (left) and absolute (right) distance of the puffing site along oblique and basal branches. Detection and analysis of mEPSPs was performed using EVAN 1 . Note that somatically measured amplitudes are relatively independent from the puffing site along the branch, consistent with previous simulations [2] [3] and similar to synapses located in the apical trunk 4 . (d) Median 20-80% rise time of sucrose-evoked somatic mEPSPs as a function of normalized (left) and absolute (right) distance of the puffing site along oblique and basal branches. Note the increase of somatically measured rise time with distance along branches. (e) Normalized frequency distribution of mEPSP amplitudes evoked by puffing at proximal, middle and distal dendritic sites. The first fifty events evoked by sucrose puffing (collected from multiple repeated puffs separated by a few minutes) were included from each experiment. Note that small events cannot be reliably detected, resulting in the lack of events with <0.15 mV amplitude. (f) Normalized distribution of uncaging evoked EPSPs (2PGU EPSP), stimulated at proximal, middle and distal segments. Note the similarity of 2PGU EPSP amplitude distribution to that of mEPSPs in each compartment. Because the mEPSP amplitude distribution from distal segments may be overestimated compared to proximal segments by losing more slow and small events in the noise, we adjusted our uncaging stimulation of distal synapses to yield slightly smaller EPSP amplitudes than that of proximal synapses (distal inputs: mean ± SEM: 0.31 ± 0.01 mV, median 0.30 mV, n=572; proximal inputs: mean ± SEM: 0.36 ± 0.01 mV, median=0.33 mV, n=307; p<0.005, Kolmogorov-Smirnov test 2+ nonlinearity across the whole dataset with the 4S protocol (n=86, Spearman R=-0.007, p=0.942). (j) Spine Ca 2+ nonlinearity using the 4S protocol was independent from the time after establishing whole-cell configuration both in distal (Spearman R=-0.030, p=0.864) and in proximal (Spearman R=0.437, p=0.102) dendritic compartments. (k) Spine Ca 2+ nonlinearity (upper, data from four spines averaged) and somatic EPSP nonlinearity (lower) with the 4S protocol in middle and distal segments of apical and basal dendrites (apical, middle: n=13, distal: n=30; basal, middle: n=20, distal: n=7. Mann-Whitney tests between apical and basal dendrites: Ca 2+ nonlinearity: middle locations p=0.645, distal locations p=0.712; EPSP nonlinearity, middle locations p=0.617, distal locations p=0.194). (a) 4S protocol (as in Fig. 2a-b ) on a set of four spines in a proximal (left) and a distal (right) dendritic segment using the Ca 2+ indicator Fluo-5F (300 µM). Changes in green Fluo-5F fluorescence were normalized to the red signal of Alexa Fluor 594 (10 µM; see Methods). (b) Comparison of cooperative spine Ca 2+ signaling (left) and EPSP nonlinearity (right) measurements using OGB-1 (open black circles) and Fluo-5F (red filled circles). TTX was present in the ACSF in both experiments. Each circle represents an individual spine set (results of all four spines averaged). To directly compare results with the two dyes we used the ratio of the measured and the calculated Ca 2+ signals. Data with OGB-1 are the same as (expressed as F/F difference) in Fig. 2a . Note that some data points on the graph overlap. No difference was found between Ca 2+ nonlinearity (two-way ANOVA: p=0.436 for dye type, p<0.001 for location, p=0.500 for interaction) or EPSP nonlinearity (two-way ANOVA: p=0.935 for dye type, p=0.039 for location, p=0.669 for interaction). b) . For the simulations we used linear gradients and kept the parameters for synapses at the middle of the branch constant (hence there is no change in the integration, when the middle of the branch is stimulated, green). The gradient is quantified by the conductance ratio, that is, the ratio between the maximal conductance of the proximal and the distal synapses. The conductance ratio 1.5 between synapses at the 15% and 75% distance from the branch point is equivalent to a 2-fold reduction in the synaptic strength from the branch point to the tip, suggested by Katz et al. 9 . We applied this gradient to the maximal conductance of the AMPA and NMDA synapses as well as to the diameter of the dendritic spine heads along the branch. (e) Ca 2+ nonlinearity factor (measured response/expected response) measured for 4 inputs (as in panel b) as the function of the conductance ratio between proximal and distal synapses. The gradients consistent with the data of Katz et al. 9 are shown with grey shading. To achieve similar spine Ca 2+ nonlinearity in proximal versus distal synapses a conductance ratio of ~7 would be required, i.e., distal synapses should be 7-times weaker than proximal synapses. Similar results were obtained from two other apical oblique dendrites in the modeled neuron.
Supplementary
Computational methods: Simulations were carried out using the NEURON simulation environment 10 , using a morphologically detailed reconstruction of a CA1 pyramidal neuron 6 . The model included a membrane capacitance of 1 µF/cm 2 , axial resistivity of 150 Ωcm and membrane resistivity of 20,000 Ωcm 2 . Dendritic spines were modelled using a spine neck length of 1.58 µm, neck diameter of 0.077 µm, while the diameter of the spherical spine head was 0.5 µm 8 . To reproduce somatic responses to proximal and distal stimulations in the presence of the NMDA receptor blocker AP5 (data not shown), we modelled AMPA synapses as a double-exponential conductance function with rise time 0.1 ms, decay time 15 ms, reversal potential 0 mV and maximal conductance of 0.1 nS. After fixing the parameters of the AMPA receptors, we fitted the parameters of the NMDA currents to somatic responses without AP5 (not shown). The NMDA currents were modelled with double exponential kinetics using rise time 1 ms and decay time 50 ms, maximal conductance of 0.6 nS and a reversal potential 0 mV. The maximal conductances of the AMPA and NMDA receptors were set to achieve a ~ 0.2 mV depolarization at the soma in response to the stimulation of a single synapse. The voltage dependence of the NMDA receptor was modelled by multiplying the maximal conductance with a voltage dependent factor 11 : g(V) = 1/(1 + exp(−0.08 V [Mg 2+ ] / 5)) where the membrane potential V is measured in mV, and [Mg 2+ ] = 1 mM. The flow of Ca 2+ ions through the NMDA receptors was modelled as a separate process governed by the reversal potential of the Ca 2+ ions and the Ca 2+ permeability of the NMDA receptors, which was set to 0.03. This was the only source of intracellular Ca 2+ in our model. We modelled the decay of the intracellular Ca 2+ after Graham et al. (2014) 12 which included an instantaneous buffer capacity of b=17. We set the time constant of the Ca 2+ extrusion to 14 ms and used 0.1 µM baseline intracellular, and 2 mM extracellular Ca 2+ concentration.
